INTRODUCTION
One of the tasks for the 11th revised edition of the Nutrient Requirements of Swine is to identify future research areas, and the area of minerals includes reevaluating P requirement for all classes of growing pigs (NRC, 2012) . This is important to provide estimates of requirements reflective of the changes in swine genetics, feedstuffs, and environment that occur over time. Requirement for P can be estimated either by factorial or empirical approaches. The factorial approach is considered to be advantageous regarding its broader application to various systems of production (Jongbloed and Everts, 1992) . The empirical approach, however, yields animal-and environment-specific estimates of P requirement, rendering it less valuable for making predictions of animals' requirement. However, the empirical approach-generated results could be used to validate the estimates based on the factorial approach and to adjust the models employed by the factorial approach for better practicality.
In previous studies (Zhai and Adeola, 2013a,b) using the regression method, we determined the true total tract digestibility (TTTD) of P in corn, soybean
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MATERIALS AND METHODS
All animal procedures were approved by the Purdue Animal Care and Use Committee.
Animals
In both Exp. 1 and 2, 108 barrows and gilts were used in a randomized complete block design using sex and BW as blocking factors. Pigs used in the 2 trials used in the 2 trials were from different litters. The initial and final BW were 40.6 ± 1.59 and 58.4 ± 3.30 kg, respectively, for pigs in Exp. 1 and 57.4 ± 3.35 and 77.3 ± 5.32 kg, respectively, for pigs in Exp. 2. Three pigs of the same sex were together in pens furnished with a fully slatted concrete floor, a nipple waterer, and an automatic feeder. Room temperature was maintained at 22°C. Each trial lasted for 3 wk. The pigs and feeders were weighed weekly to calculate ADG, ADFI, and G:F.
Dietary Treatments
In Exp. 1, 6 levels of monocalcium phosphate (0, 3.10, 6.20, 9.30, 12.40, and 15.50 g/kg) were added at the expense of cornstarch to a corn-SBM-based diet to establish 6 levels of total P, which were analyzed to be 3. 23, 3.88, 4.45, 5.49, 6 .09, and 6.66 g/kg diet, respectively (Table 1) . Monocalcium phosphate was procured from Mosaic (Plymouth, MN). The minimum Ca and P contents of this product were guaranteed to be 21% and 15%, respectively. Similarly, Exp. 2 incorporated 6 levels of monocalcium phosphate: 0, 2. 40, 4.80, 7.20, 9.60, and 12 .00 g/kg of diet, and the corresponding analyzed total P content was 3. 06, 3.73, 4.09, 4.80, 5.26, and 5 .82 g/kg of diet, respectively (Table 2) . The true digestible P content of the diets was calculated to range from 1.26 to 3.98 g/kg in Exp. 1 and from 1.21 to 3.31 g/kg in Exp. 2 by applying to the P-contributing ingredients in the diets the TTTD of 40.53%, 35.96%, and 84.31% for P in corn, SBM, and monocalcium phosphate, respectively. These TTTD values were determined from experiments previously reported by Zhai and Adeola (2013a,c) .
Chemical Analyses
Corn, SBM, and diet samples were prepared and analyzed for P concentration as described by Zhai and Adeola (2013c) using a spectrophotometer (AOAC, 2006; SpectraCount, model AS1000, Packard, Meriden, CT). Calcium concentration was determined using an atomic absorption spectrometer (AAnalyst 300, PerkinElmer, Norwalk, CT). Monocalcium phosphate was dissolved in 4 N HCl and concentrated nitric acid with heat before the colorimetric assay.
Calculations and Statistical Analyses
The growth performance data were analyzed by the GLM procedure of SAS (SAS Inst. Inc., Cary, NC) as a randomized complete block design. Each pen was treated as an experimental unit. The model used for both Exp. 1 and 2 is
where μ is the overall mean; α i is the effect of the ith block; β j is the effect of the jth level of sex; γ k is the effect of the kth level of P; (βγ) jk is the interaction effect between the jth level of sex and the kth level of P; a is the coefficient for the covariate x ijk ; x ijk is the initial BW of the ith block, the jth level of sex, and the kth level of P; and ε ijkl is the error term. Orthogonal polynomial contrasts were used to test the linear and quadratic effects of the P level. Least squares means are presented. An α level of 0.05 was considered significant. The broken-line regression analysis of wk 0 to 3 ADG and G:F data of the overall 3-wk duration of each experiment was conducted using the NLIN procedure of SAS as described by Robbins et al. (2006) .
RESULTS
Corn was analyzed to have 2.61 g total P/kg in Exp. 1 and 2.52 g/kg in Exp. 2. The total P was 6.20 g/ kg for SBM and 208 g/kg for monocalcium phosphate in both Exp. 1 and 2. The growth performance data from Exp. 1 are shown in Table 3 . The interaction between dietary treatment and sex was significant only for ADFI in wk 3. With the incremental supplementation of monocalcium phosphate, ADG linearly increased (P < 0.001) in wk 1and both linearly and quadratically (P < 0.01) in wk 2, wk 3, and wk 0 to 3. There were linear increases (P < 0.05) in ADFI in wk 2, wk 3, and wk 0 to 3. Feed efficiency linearly improved (P < 0.001) in wk 1, quadratically improved (P < 0.05) in wk 3, and both linearly and quadratically improved (P < 0.05) in wk 2 and wk 0 to 3 (P < 0.05). Compared with gilts, barrows showed significantly higher ADG in wk 0 to 3; higher ADFI in wk 2, wk 3, and in wk 0 to 3; higher G:F in wk 3; and higher final BW.
Interaction between dietary treatment and sex for all the measurements in Exp. 2 was not significant, and therefore, the main effects of dietary treatment and sex are presented in Table 4 . Average daily gain linearly increased (P < 0.001) in wk 1 and both linearly and quadratically increased (P < 0.05) in wk 2, wk 3, and wk 0 to 3 with the graded supplementation of monocalcium phosphate. There were linear increases (P < 0.05) in ADFI in wk 1 and wk 0 to 3, and G:F linearly improved (P < 0.01) in wk 1 and wk 3 and both linearly and quadratically improved (P < 0.001) in wk 2 and wk 0 to 3. Barrows exhibited significantly higher ADG in wk 1, wk 2, and wk 0 to 3 and higher ADFI in all periods, higher G:F only in wk 1, and higher final BW compared with gilts.
The estimates of true digestible P requirements defined as the breakpoints are shown in Fig. 1 for Exp. 1 and in Fig. 2 for Exp. 2. In Exp. 1, the true digestible P requirement was estimated to be 2.66, 2.79, and 2.51 g/kg of diet for pigs of mixed sex, barrows, and gilts, respectively, using ADG data during wk 0 to 3 as the response variable. The corresponding estimate of true digestible P requirements using wk 0 to 3 G:F data was 2.67, 2.51, and 2.93 g/kg of diet. Likewise, in Exp. 2, the true digestible P requirement was estimated to be 2.29, 2.20, and 2.39 g/kg of diet using ADG data during wk 0 to 3 as a response variable and 2.33, 2.19, and 2.47 g/kg using G:F for pigs of mixed sex, barrows, and gilts, respectively.
DISCUSSION
In our previous studies, we determined the TTTD of P in corn, SBM, and monocalcium phosphate to be 40.5%, 36.0%, and 67.5%, respectively, with 15-kg pigs. In our follow-up study with 25-kg pigs, the TTTD of P in monocalcium phosphate was estimated to be 84.3%. Using those data, we determined the TTTD-based P requirement to be 3.20 g/kg of diet for 10-to 15-kg pigs and 3.06 g/kg for 20-to 40-kg pigs using the brokenline regression method. In this study, we continued this specific line of research and determined the true digestible P requirement for 40-to 80-kg pigs. It is noteworthy that to calculate the true digestible P concentration in our diets for this study, we used the TTTD of P for corn and SBM determined with 15-kg pigs, which could be justified by the observation of Ajakaiye et al. (2003) of a lack of significant difference in TTTD of P in SBM between weanling (initial BW 6.8 kg) and growing pigs (initial BW 40 kg) using the regression method. Also, Rodehutscord et al. (1999) found that the apparent totaltract digestibilities (ATTD) for P from corn, barley, and SBM were unaffected when BW of pigs increased from 15 to 35 kg. Kemme et al. (1997) , however, found that the ATTD of P for a diet marginal in P and devoid of inorganic sources of P increased when BW increased from 30 to 60 kg and then remained relatively stable until 100 kg BW. We also used the TTTD of P for monocalcium phosphate determined with 25-kg pigs to calculate the true digestible P content in the current study, which aligns with the practice of assigning 1 value for nutrient utilization in feedstuffs even though the effect of BW of pigs on P digestibility in monocalcium phosphate was more likely than plant P origins, as pointed out by Rodehutscord et al. (1999) . In addition, the corn and SBM used in the current study were from the same suppliers as those used in previous studies (Zhai and Adeola, 2013a,b,c) and harvested in the same year. The deficient P content and the unfavorable Ca to P ratio in the first diet of each trial impaired the growth performance of pigs. This situation was improved with the gradual addition of monocalcium phosphate up to the requirement level, and the improvement ceased with further supplementation, which serves as a biological interpretation of the use of the broken-line regression method. It suffices to say that the brokenline model is sufficient for our data because most of the total variance could be accounted for by the model, as indicated by the R 2 being greater than 90%.
There are different evaluation systems to estimate P utilization in feedstuffs and diets, which give rise to different estimates of P requirements. To compare the estimates of P requirement across different evaluation systems, all the estimates need to be converted to the same evaluation system. In the current study, we obtained the level of monocalcium phosphate at the P requirement estimate based on the ingredient composition of the diets in our study and then applied the published digestibility or availability values for our P-contributing ingredients (corn, SBM, and monocalcium phosphate) to derive the estimate of P requirement associated with each evaluation system. The true digestible P requirement was estimated to be 2.66 g/kg of diet by averaging the requirement estimates based on ADG and G:F for 40-to 60-kg pigs with barrows and gilts mixed at the ratio of 1:1, which is equivalent to a diet consisting of corn, SBM, and monocalcium phosphate as P sources at the inclusion rate of 717, 227, and 8 g/kg of diet, respectively. By applying the measured P concentration, P availability (NRC, 1998) , and the standardized and apparent P digestibility (NRC, 2012) values to the ingredient sources of P in the equivalent diet, the total, available, and standardized and apparent digestible P requirements were calculated to be 4.94, 2.25, 2.78, and 2.41 g/kg of feed for 40-to 60-kg pigs. For 60-to 80-kg pigs of mixed sex, the equivalent diet at the P requirement estimate of 2.31 g/kg of diet includes corn, SBM, and monocalcium phosphate as P sources at the rate of 750, 197, and 6.3 g/kg of diet, respectively. Using the principle described above, the total, available, and standardized and apparent digestible P requirements were calculated to be 4.42, 1.86, 2.39, and 2.05 g/kg of diet for 60-to 80-kg pigs. In comparison with the 2.25 and 1.86 g/kg of diet from the current study as the available P requirement for the corresponding BW categories of 40 to 60 kg and 60 to 80 kg, NRC (1998) listed 2.3 and 1.9 g/kg for 20-to 50-kg and 50-to 80-kg pigs, respectively, Hastad et al. (2004) suggested 2.2 g/kg for 33-to 55-kg pigs reared in a commercial environment, and Saraiva et al. (2012) recommended 3.16 g/kg for 60-to 100-kg pigs kept in a thermoneutral environment. Compared with standardized digestible P requirement estimates of 2.78 and 2.39 g/kg of diet for pigs in BW categories of 40 to 60 kg and 60 to 80 kg from the current study, corresponding estimates generated from the software of NRC (2012) were 3.0 and 2.7 g/kg. Using empirical studies, NRC (2012) also presented calculated standardized total tract digestible P requirements, which ranged from 2.77 to 2.94 g/kg for pigs with a mean BW between 40 and 50 kg and from 2.21 to 2.31 g/kg for pigs with a mean BW between 50 and 70 kg. Taken together with 3.20 g/kg of diet for 10-to 20-kg pigs and 3.06 g/kg for 20-to 40-kg pigs as the TTTD-based P requirement from our previous studies (Zhai and Adeola, 2013b,c) , the mean TTTD-based P requirement of 2.66 g/kg of diet for 40-to 60-kg pigs and 2.31 g/kg of diet for 60-to 80-kg pigs in the current experiments depicts a picture consistent with the concept of negative correlation between pig BW and both ATTD-and STTD-based P requirements (NRC, 2012). True digestible P requirement or breakpoint (±SE) for pigs of (A) mixed sex, (B) barrows, and (C) gilts using a corn-soybean meal diet having 884 g DM/kg and broken-line regression analysis of wk 0 to 3 ADG and G:F data for Exp. 1 (as-fed basis, n = 6 for each regression line).
Figure 2. True digestible P requirement or breakpoint (±SE) for pigs of (A) mixed sex, (B) barrows, and (C) gilts using a corn-soybean meal diet having 884 g DM/kg and broken-line regression analysis of wk 0 to 3 ADG and G:F data for Exp. 2 (as-fed basis, n = 6 for each regression line).
It is known that barrows consume more feed and gain weight faster than gilts (Thomas and Kornegay, 1981; Wiseman et al., 2007) , which is supported by the overall growth results of the current study. This difference led to significantly heavier barrows than gilts at the end of the current study, which could have potentiated the increasing divergence of ADFI between gilts and barrows. In the current trials with only 3 replicates per diet in each sex, there was no difference in P requirement estimate between barrows and gilts from a statistical perspective. There is evidence, however, that gilts have a higher P requirement for maximum growth than barrows when expressed on the basis of dietary concentration (Thomas and Kornegay, 1981) . This might be due to the lower feed intake for gilts and an increasingly greater quantity of whole-body protein and ash for gilts than barrows at BW greater than 45 kg (Wiseman et al., 2007) . Whole-body nitrogen content is positively closely related to the whole-body P content for growing-finishing pigs (NRC, 2012) .
The ratio of Ca to P should be defined on the available level (Peo, 1991) , and NRC (2012) suggested an ideal ratio of total Ca to total P for grain-SBM diets between 1:1 and 1.25:1. A wider Ca to P ratio could be detrimental to P utilization and Ca retention (Eeckhout et al., 1995; Stein et al., 2011 ). In the current study, the total Ca to total P ratio ranged from 3.34 to 1.56 in Exp. 1 and from 3.27 to 1.98 in Exp. 2, and the estimates of the true digestible P requirement were derived at a total Ca to total P ratio of about 2.21:1 in Exp. 1 and 2.50:1 in Exp. 2. Further studies are warranted to optimize the Ca to P ratio toward maximizing both Ca and P utilization and to pinpoint the P requirement.
In summary, the true digestible P requirement was estimated to be 2.67, 2.51, and 2.93 g/kg of diet (884 g DM/kg) for 40-to 60-kg pigs of mixed sex, barrows, and gilts, respectively, using G:F as the response variable. Using ADG, the corresponding P requirement was 2.66, 2.79, and 2.51 g/kg. For 60-to 80-kg pigs of mixed sex, barrows, and gilts, the true digestible P requirement was estimated to be 2.29, 2.20, and 2.39 g/kg of diet (884 g DM/kg) using ADG as the response variable and 2.33, 2.19, and 2.47 g/kg using G:F, respectively. For a corn and SBM diet containing 884 g DM/kg, the average TTTD-based requirement for P was 2.66 and 2.31 g/kg of diet for 40-to 60-kg and 60-to 80-kg pigs, respectively.
